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Majorana modes, typically arising at the edges of one-dimensional topological superconductors,
are considered to be a promising candidate for encoding nonlocal qubits in fault-tolerant quantum
computation. Here we propose to exploit the two-dimensional geometry of Majorana corner modes
in second-order topological superconductors to realize measurement-only quantum computation. In
particular, a periodically modulated topological superconducting system may host eight Majorana
corner modes, through which two logical qubits as well as one ancilla qubit can be constructed and
topologically protected gate operations can be implemented by a series of Majorana parity measure-
ments. The measurements are achieved via Mach−Zehnder type interference in the conductance
of a semiconductor based topological superconductor. Our proposal represents a scenario in which
single- and two-qubit gate operations can be carried out in a minimal setup that may provide a
natural building block for Majorana-based qubit architectures.
Introduction. In recent years, topological quantum
computing has emerged as a new paradigm towards es-
tablishing fault-tolerance and stimulated many theoreti-
cal and experimental studies [1, 2]. Promising candidates
for this purpose are the so-called Majorana fermions,
which may arise as zero energy excitations at the vor-
tices or edges of topological superconductors [3, 4] and
can form nonlocal qubits. A number of experimental sig-
natures evidencing such exotic quasiparticles have been
established over the years [5–7], and current efforts have
shifted towards demonstrating their ability to store and
process quantum information.
Manipulating Majorana qubits is accomplished
through a process called braiding, which amounts to
moving a pair of Majorana fermions around each other.
While various braiding protocols have been proposed
over the years [8–15], several challenges that hinder their
experimental realizations have yet to be solved. These
include the necessity to introduce complicated geome-
tries to facilitate braiding, the large space overhead for
hosting a number of Majorana fermions, and the large
time overhead for completing a single braiding process
via adiabatic evolution.
In this paper, we propose the use of the recently
discovered higher-order topological phases [16–39] for
Majorana-based quantum computing. Indeed, a number
of recent studies on second-order topological supercon-
ductors (SOTSCs) have touched upon Majorana modes
localized at the corners of a two-dimensional (2D) system
[22–27], termed Majorana corner modes. The main task
of this work is to uncover the potential of corner Ma-
jorana modes in quantum computing. As shown below,
the 2D geometry of such SOTSC makes it possible for us
to further develop explicit measurement-based quantum
gate operations [40–46]. Indeed, this theoretical work in-
dicates new possibilities in significantly minimizing the
time overhead and in overcoming a few other challenges
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usually associated with physical braiding processes, such
as the requirement for complicated designs and the accu-
mulation of nonlocal errors [47, 48].
With periodic modulation in the system parameters,
the resulting Floquet SOTSCs may host two different
species of Majorana corner modes at quasienergy zero
and pi/T (T being the driving period), which corre-
spond to Majorana zero modes (MZMs) and Majorana
pi modes (MPMs) respectively [13, 14, 49–51]. Utilizing
all these Majorana modes allows the encoding of three
qubits. The system’s 2D geometry also naturally fa-
cilitates Mach−Zehnder interferometer like conductance
measurements to read out the joint parities of two and
four Majorana operators. These suffice to implement all
single- and two-qubit Clifford gate operations, thus un-
leashing the full potential of Majorana qubits in a min-
imal setup. In addition, scaling up our approach is ex-
pected to require significantly less space overhead as com-
pared with many existing qubit architecture proposals.
Minimal model. A Floquet SOTSC with four MZMs
and MPMs at its corners may be described by a peri-
odically driven px + ipy superconductor with dimerized
pairing in the y-direction, as described by the Hamilto-
nian,
Hs(t) =
∑
i,j
[
−Jy,jc†i,j+1ci,j − Jxc†i+1,jci,j +
µj(t)
2
c†i,jci,j
+i∆y,jc
†
i,j+1c
†
i,j + ∆xc
†
i+1,jc
†
i,j + h.c.
]
, (1)
where Jy,j = Jy + (−1)jδJ and ∆y,j = ∆y + (−1)jδy are
the hopping and pairing amplitudes in the y-direction,
µj(t) = µ0 +(−1)jδµ0 +[µ1 +(−1)jδµ1] cos(ωt) is the pe-
riodically driven chemical potential with period T = 2piω ,
ci,j (c
†
i,j) is the annihilation (creation) operator at lattice
site (i, j), and 2Nx (2Ny) is the lattice size in the x-(y-
)direction. To partially digest this model construction,
we consider the special case of Jy = δJ and ∆y = δy,
where the sites with j = 1, 2Ny are decoupled from the
rest and the system at j = 1, 2Ny effectively reduces to
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2a periodically driven one-dimensional (1D) Kitaev chain
[13, 14, 49–51]. By defining two species of Majorana op-
erators γi,j,A = ci,j + c
†
i,j and γi,j,B = i
(
ci,j − c†i,j
)
, the
effective one-dimensional (1D) model at j = 1, 2Ny reads
H1D(t) = i
∑
i
[Jγi+1,j,Aγi,j,B + µ(t)γi,j,Bγi,j,A] , (2)
where ∆x = Jx = J and j = 1, 2Ny. It follows that
if H1D(t) is tuned to host one pair of MZMs and one
pair of MPMs, the full two-dimensional (2D) system will
then host eight Majorana corner modes in total. Due to
their topology protection relying on particle-hole symme-
try alone, these corner modes continue to exist for a range
of other parameter values with Jy 6= δJ and ∆y 6= δy.
Additional properties of Eq. (1), such as its symmetry
analysis and further computational results of the corner
modes, are presented in the Supplemental Material [52].
In the following we label the four MZMs and MPMs
in a single Floquet SOTSC by (0, j) and (pi, j) shown in
Fig. 1, where j = 1, 2, 3, 4. In the second-quantization
language, Floquet MZMs and MPMs are Hermitian
time-periodic operators γ0,j (of period T ) and γpi,j (of
period 2T ), which satisfy the commutation relations[
H − i~ ddt , γ0,j
]
= 0 and
[
H − i~ ddt , exp(iωt/2)γpi,j
]
=
~ω
2 exp(iωt/2)γpi,j [52]. In terms of γ0,j and γpi,j , three
topological qubits can then be defined as σ
(1)
z = iγ0,1γ0,2,
σ
(1)
x = iγ0,1γ0,3, σ
(2)
z = iγpi,1γpi,2, σ
(2)
x = iγpi,1γpi,3,
σ
(3)
z = γ0,1γ0,2γ0,3γ0,4, and σ
(3)
x = iγ0,4γpi,4. The pari-
ties of these qubit operators depict the presence/absence
of nonlocal fermions. For example, eigenvalue +1 of σ
(2)
z
indicates the presence of a nonlocal fermion composed
from MPMs at corners j = 1, 2; whereas parity +1 of
σ
(3)
z indicates the simultaneous presence or absence of
two nonlocal fermions composed from MZMs at corners
j = 1, 2, 3, 4 [53]. While γ0,j , γpi,j , and thus the qubits
defined above are all time dependent, their quantum ex-
pectation values on the system’s time evolving subspace
of MZMs and MPMs are constant by construction, thus
allowing quantum information to be stored at any mo-
ment in time. We shall elaborate below a means to ex-
perimentally measure such qubits, which can in turn be
utilized for measurement-only quantum computation.
Measurement-based computation. Figure 1 shows a
semiconducting-based [63, 64] Floquet SOTSC, which is
coupled to an external capacitor that adds an additional
term HC(t) = EC(Nˆ −N0(t)) in the Hamiltonian, where
EC =
e2
2C is the charging energy, C is the capacitance,
and the offset N0(t) is controlled by the gate voltage
across the capacitor, which can be static or time-periodic
with the same period T as the system. In addition, two
leads are attached to each corner of the system and each
lead-system coupling can be individually switched on and
off on-demand via external gates (marked in gray). For
simplicity, each lead is assumed to be a single-level sys-
tem with energy Ei =
ni~ω
2 at zero temperature, where
FIG. 1. Schematics of Floquet SOTSC hosting eight Ma-
jorana modes connected to two leads at each of its corner.
Each lead is connected to its adjacent ones through a weak
link marked in dashed purple.
i = ls,m is the lead index shown in Fig. 1, s = 1, 2, 3, 4,
m = a, b, and ni ∈ Z. Any two adjacent leads are fur-
ther weakly coupled with each other (independent of the
system), as marked by the dotted lines in Fig. 1, which
encloses a tunable magnetic flux Φs,s′ . The results pre-
sented below are expected to hold also for multi-level
leads with other energy levels being sufficiently far away
from n~ω2 , where n is an integer.
In the Coulomb blockade regime, i.e., when EC is suf-
ficiently large (which is still smaller than the quasienergy
gaps around zero and pi/T quasienergies), the transport
mechanism between Floquet SOTSC and external leads is
dominated by the eigenstates closest to quasienergy zero
or pi/T with particle numbers N and N ± 1. This ac-
counts for processes in which only a single particle moves
in and out the system. Moreover, such eigenstates de-
pend on the lead energies Ei and Ej , such that by adjust-
ing the integers ni and nj , Floquet perturbation theory
involving only these states then takes us to an effective
Hamiltonian that is dominated by the desired product of
Majorana modes.
To further elaborate the above argument, we start by
switching on any two lead-system couplings correspond-
ing to leads i = ls,m and j = ls′,m′ . The total lead-system
Hamiltonian can then be written as
Htot ≈
∑
s=i,j
d†s [λ0,s(t)γ0,s(t) + λpi,s(t)γpi,s(t)] e
−iφ
+λi,je
ieΦi,j/~d†jdi + Eid
†
idi + Ejd
†
jdj + h.c.
}
+HC(t) +Hs(t) , (3)
where ds (d
†
s) is the lead s annihilation (creation) op-
erator, λi,j , λ0(pi),s  EC are respectively the coupling
3FIG. 2. Interference mechanism that allows the measurements
of (a) iγ0,1γ0,2 and (b) γ0,1γ0,2γ0,3γ0,4. All leads are tuned to
zero energy, conductance measurement is performed between
source and drain leads, and all possible particle paths (up
to third order process) between source and drain leads are
highlighted by different colored arrows. Particle entering or
leaving the system will pick up a term that depends on a
Majorana corner mode.
strength between the two leads and between lead s and
the MZM γ0,s (MPM γpi,s), and e
±iφ is the particle rais-
ing/lowering operator which satisfies [Nˆ , e±iφ] = ±e±iφ.
Note that the actual coupling between the leads and
the end sites of the wire can be assumed to be static.
The time dependence in the leads-MZM(MPM) coupling
coefficients λ0,s(t) and λpi,s(t) in Eq. (3) emerges only
because the used representations MZMs and MPMs in
Eq. (3) are themselves time periodic operators. It is
thus obvious that the Fourier coefficients λ¯0(pi),s,n =
1
T
∫ T
0
dtλ0(pi),se
−inωt/2 will be most pronounced for n = 0
or n = ±1.
By treating the leads-system coupling as a perturba-
tion, it can be effectively replaced (up to second order
in λ0(pi),s) by a parity-dependent effective Hamiltonian
given by one of the following expressions depending on
the lead energies Ei =
ni~ω
2 and Ej =
nj~ω
2 [52],
H
(00)
eff = T
(00)
i,j (t)iγ0,iγ0,jd
†
jdi + h.c. ,
H
(pipi)
eff = T
(pipi)
i,j (t)iγpi,iγpi,jd
†
jdi + h.c. ,
H
(0pi)
eff = T
(0pi)
i,j (t)iγ0,iγpi,jd
†
jdi + h.c. . (4)
As detailed in the Supplemental Material [52], H
(00)
eff
(H
(pipi)
eff ) is obtained by setting both ni and nj to be even
(odd) integers, while H
(0pi)
eff is obtained by setting ni and
nj to be even and odd respectively. The tunneling am-
plitudes T
(00)
i,j (t), T
(pipi)
i,j (t), and T
(pipi)
i,j (t), generally de-
pend on the Fourier components of the lead-Majorana
couplings λ¯0(pi),s,n (n = 0,±1) and the quasienergy
difference between states with N and N ± 1 particles
(ε± = εN − εN±1).
Physically, Eq. (4) can also be understood as a co-
tunneling process in which one particle from lead i =
ls,m enters the system while another particle leaves the
system through lead j = ls′,m′ , mediated by a non-
local fermion formed by two Majorana corner modes
near leads i and j (see Fig. 5(a)). By assuming that
such a co-tunneling process makes a comparable con-
tribution as that of the direct lead coupling (that is,
|λi,j | ∼
∣∣∣T (00)i,j ∣∣∣ , ∣∣∣T (pipi)i,j ∣∣∣ , ∣∣∣T (0pi)i,j ∣∣∣), their interference can
be appreciable. To further control the strength of the
interference term after considering the various time de-
pendence of T
(00)
i,j , T
(pipi)
i,j , and T
(0pi)
i,j , we may take a time
periodic Φi,j(t) = Φi,j,0 + Φi,j,1 sin(ωt), so that the total
(T -averaged) conductance between the two leads is given
by (each associated with one of Eq. (4)) [46]
G¯
(00)
i,j ∝
1
T
∫ T
0
dt
∣∣∣T (00)i,j (t)〈iγ0,iγ0,j〉+ λi,jeieΦi,j/~∣∣∣2
= g
(00)
0 + g
(00)
1 〈iγ0,iγ0,j〉 sin
[ e
~
(
Φi,j,0 − Φ(00)i,j
)]
,
G¯
(pipi)
i,j ∝
1
T
∫ T
0
dt
∣∣∣T (pipi)i,j (t)〈iγpi,iγpi,j〉+ λi,jeieΦi,j/~∣∣∣2
= g
(pipi)
0 + g
(pipi)
1 〈iγpi,iγpi,j〉 sin
[ e
~
(
Φi,j,0 − Φ(pipi)i,j
)]
,
G¯
(pi0)
i,j ∝
1
T
∫ T
0
dt
∣∣∣T (0pi)i,j (t)〈iγ0,iγpi,j〉+ λi,jeieΦi,j/~∣∣∣2
= g
(pipi)
0 + g
(pipi)
1 〈iγpi,iγpi,j〉 sin
[ e
~
(
Φi,j,0 − Φ(pipi)i,j
)]
,
(5)
where g
(ll′)
0 , g
(ll′)
1 , and Φ
(ll′)
i,j , with l, l
′ = 0, pi, are all
constants that depend on the system parameters such
as λ¯l,s,n, λi,j , and ε±. In particular, the interference
constant g
(ll′)
1 ∝ Jn/2(eΦi,j,1/~) can be controlled via
the parameter Φi,j,1, where n ∈ Z depends on the lead
energies and Jν(x) is the Bessel function of the first kind.
Since 〈iγl,iγl′,j〉 with l, l′ = 0, pi is independent of time
and gives either ±1 depending its the parity, measuring
G¯00i,j , G¯
pipi
i,j , or G¯
0pi
i,j thus fulfills the measurement of any
Majorana parity iγl,iγl′,j .
In a similar fashion, joint parity measurements of
four Majorana modes can be carried out by switching
on appropriate four lead-system couplings and measur-
ing the conductance between two of the leads. In par-
ticular, by switching on leads l1,a, l2,a, l3,a, and l4,a
and setting their energies to zero, the T -averaged con-
ductance between leads l1,a and l4,a can be found as
G¯l1,a,l4,a =
1
T
∫ T
0
dt|〈h1234〉|2, where h1234 is obtained
from third-order perturbation theory, whose detail and
its exact form are presented in the Supplemental Mate-
rial [52]. It yields
4G¯l1,a,l4,a = a0 + a1〈iγ0,1γ0,2〉 sin
[ e
~
(Φ1,2 − Φ001,2)
]
+ a2〈iγ0,3γ0,4〉 sin
[ e
~
(Φ4,3 − Φ004,3)
]
+a3〈γ0,1γ0,2γ0,3γ0,4〉 cos
[ e
~
(Φ4,3 − Φ004,3 − Φ1,2 + Φ001,2)
]
, (6)
where a0, a1, a2, a3, Φ
00
4,3, and Φ
00
1,2 depend on the sys-
tem parameters, and we have assumed time independent
fluxes Φ4,3 and Φ1,2 for simplicity. By tuning the enclosed
fluxes Φ1,2 ≈ Φ001,2 and Φ4,3 ≈ Φ004,3, the second and third
terms of Eq. (6) are strongly suppressed, whereas the
last term’s contribution is maximized. Physically, this
corresponds to the following situation: as particles travel
from lead l1,a to l4,a through three paths labeled by A:
l1,a → l4,a, B: l1,a → l2,a → l4,a and C: l1,a → l3,a → l4,a,
interference between paths A and B or between paths
A and C is always destructive whereas interference be-
tween paths B and C revealing four-Majorana parity in-
formation is always constructive (see Fig. 5(b)). Mea-
suring G¯l1,a,l4,a then yields only two possible outcomes
and corresponds to the measurement of the joint parity
γ0,1γ0,2γ0,3γ0,4, but not iγ0,1γ0,2 or iγ0,3γ0,4 individually.
As we have developed in detail in the Supplemental
Material [52], the forced measurements of γ0,1γ0,2γ0,3γ0,4
and any pairs of Majorana modes are sufficient to imple-
ment all Clifford gates. For example, a CNOT gate with
the first (second) qubit being the control (target) qubit
can be implemented by preparing the third qubit in a
σ
(3)
z eigenstate, which can be accomplished by measuring
γ0,1γ0,2γ0,3γ0,4, then subsequently measuring iγ0,4γpi,4,
iγpi,2γpi,4, iγ0,3γpi,2, and γ0,1γ0,2γ0,3γ0,4 in this exact or-
der. If their parity measurement outcomes do not agree
with a prescribed sequence, we only need to perform some
additional similar measurements, which are all explicitly
worked out in Supplementary Material [52].
Finally, it is noted that a combination of T -gate and
Clifford gates is required for quantum universality [66–
70]. On the other hand, since the fusion and braiding
rules of Majorana modes do not allow the implementation
of topologically protected T -gate, nontopological dynam-
ical protocols are often employed [68–70]. In our system,
a geometrical protocol developed by us in Refs. [13, 14]
can in principle be applied between γ0,4 and γpi,4 to create
a magic state [66–70]. As detailed in the Supplemental
Material [52], a series of measurements can then be de-
vised to realize a T -gate, consuming the magic state in
the process.
Conclusion. In view of many recent studies on
SOTSCs [22–27] and Floquet higher-order topological
phases [71–74], we take a major step forward by reveal-
ing their great potential for measurement-based quan-
tum computation. We have presented a minimal Floquet
SOTSC model with four MZMs and four MPMs, all of
which are utilized to encode three qubits that can be sys-
tematically measured via coupling the system with exter-
nal leads and observing the conductance between two of
the leads.
As compared with existing measurement-based pro-
tocols proposed using first-order topological materials
[43, 75–79], our proposal in principle offers two advan-
tages. First, since a single Floquet SOTSC system can
already host eight Majorana modes, it naturally forms a
Majorana Cooper-pair Box (MCB), which represents a
building block for Majorana-based surface codes [75, 76]
and practical qubit architectures. Not only such Floquet
SOTSC-based MCBs can encode more qubits as com-
pared with other existing MCB proposals, the use of a
single system as opposed to an array of nanowires natu-
rally allows all Majorana modes to experience a common
charging Hamiltonian and prevents mutual capacitive
coupling that may arise between nanowires in an MCB
[75, 77]. Second, in the literature complex designs are
often required to host multiple Majorana modes by first-
order topological materials and as such four-Majorana
parity measurements are often difficult to perform. In-
deed previously entangling gates were implemented dy-
namically [78, 79], which may require a very precise con-
trol and knowledge over all system parameters. By con-
trast, the simplicity of our protocol allows two- and four-
Majorana parity measurements to be implemented in a
similar manner.
As a final note, the general idea of Majorana par-
ity measurements presented above, when cast in a re-
duced form, can equally apply to static SOTSC systems.
As a first step towards realizing the above proposal,
initial experimental studies can indeed consider static
SOTSCs to first confirm the corner-state based measure-
ment schemes developed in this work. However, since
such static SOTSCs can only host four MZMs at their
corners, the implementation of quantum gate operations
proposed in this work may not be possible in a single
system; a collection of static SOTSC-based MCBs would
be required to perform a computational task. This un-
derstanding further highlights the advantage of Floquet
SOTSCs for measurement-based quantum computation
with minimal spacetime overhead, thus motivating future
theoretical and experimental studies of Floquet topolog-
ical quantum computing.
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5Supplemental Material
This Supplemental Material contains four sections. In Sec. A, We elaborate the additional properties of the minimal
Floquet SOTSC model (Eq. (1)) presented in the main text, which include its symmetries and corner modes. In Sec. B,
we generalize the notion of Majorana modes to Sambe space and derive the typical form of MZMs and MPMS in
harmonically driven topological superconductors. In Sec. C, we develop a Floquet perturbation theory and apply it
to derive the effective Hamiltonian describing a leads-Floquet SOTSC system when two and four leads couplings are
switched on. In Sec. D, we present the implementation of quantum gate operations by a series of measurements.
SECTION A: ADDITIONAL PROPERTIES OF THE MINIMAL FLOQUET SOTSC MODEL
Since Eq. (1) in the main text is time periodic, Floquet theory [54, 55] can be applied to analyse its properties. In the
first quantized language, we may define Floquet Bogoliubov-de Gennes (BdG) Hamiltonian [H]nm = h(n−m)BdG +n~ωδn,m
in an enlarged Hilbert space (Sambe space), where h
(j)
BdG is the jth-order Fourier component of hBdG(t) satisfying
H(t) =
1
2
(
c†1,1 · · · c2Nx,2Ny
)
hBdG(t)
(
c†1,1 · · · c2Nx,2Ny
)†
. (7)
Diagonalizing H gives the set of Floquet eigenstates and their associated excitation quasienergies, i.e., {|ε〉; ε}. Due
to the time periodicity, the quasienergies ε and ε+ ~ω describe the same physics and it is thus sufficient to restrict ε
in the Floquet Brillouin zone
(−~ω2 , ~ω2 ]. MZMs and MPMs are characterized by the existence of degenerate ε = 0
and ~ω2 solutions under OBCs which are localized near the corner of the system, as depicted in Fig. 3(c). By explicitly
plotting the probability distributions of these ε = 0 and ~ω2 solutions, i.e., Figs. 3(a) and (b), we find that they
are indeed sharply localized at one corner of the system, thus confirming the fact that these MZMs and MPMs
are in fact Majorana corner modes. There, |ψ(0)c |2 and |ψ(1)c |2 describe the probability distributions associated with
zeroth and first order Fourier components of the ε = 0 and ~ω2 eigenstates, where a full eigenstate is written as
|Ψc(t)〉 = e−inωt/2|ψc(t)〉, |ψc(t)〉 =
∑
j e
ijωt|ψ(j)c 〉, and n = 0 (n = 1) for ε = 0 (ε = ~ω2 ) eigenstate.
Under periodic boundary conditions, Eq. (7) can be recast in momentum space as
hBdG,k(t) = [− (Jy,− + Jy,+ cos(ky))σx − Jy,+ sin(ky)σy − 2Jx cos(kx)
+ (µ0 + µ1 cos(ωt)) + (δµ0 + δµ1 cos(ωt))σz] ηz
+ [(∆y,− −∆y,+ cos(ky))σy + ∆y,+ sin(ky)σx] ηx + 2∆x sin(kx)ηy , (8)
where σ and η are Pauli matrices acting in the sublattice and Nambu space respectively, Jy,± = Jy±δJ , ∆y,± = ∆y±δy,
and the lattice spacing is set to unity. In particular, particle-hole symmetry satisfying P−1hBdG,kP = −hBdG,−k with
P = ηxK is the only symmetry of Eq. (8), which places the system in the D class of the Altland-Zirnbauer (AZ)
classification scheme [56]. It is known that 2D first-order topological insulators/superconductors in the D class is
characterized by a Z topological invariant (the Chern number), which manifests itself as the number of chiral edge
states under OBC.
If Jy,± = δµ0 = δµ1 = 0 and ∆y,− = ∆y,+, the edge of the system parallel to the y-direction is equivalent to
two copies of that of chiral topological superconductors with opposite Chern numbers, which can be easily verified
by diagonalizing σ Pauli matrices. By tuning away ∆y,− 6= ∆y,+, these chiral edge states will then acquire a gap.
In this case, additional chiral C, time-reversal T , and inversion I symmetries also emerge as C = σzηx, T = σzK,
and I = σxηz, which satisfy C−1hBdG,kC = −hBdG,k, T −1hBdG,kT = hBdG,−k, and I−1hBdG,kI = hBdG,−k. In
particular, due to the emergence chiral symmetry, two chiral winding numbers ν0(pi) can be defined in the spirit of
Refs. [57, 72], which determine the presence of Majorana corner states at quasienergy zero (pi/T ) when another edge
in the y-direction is introduced. Interestingly, although the presence of nonzero Jy,±, δµ0, and δµ1 will break all these
additional symmetries, any Majorana corner states in the system remain intact even at moderate values of Jy,±, δµ0,
and δµ1 (see again Fig. 3(c)), provided no gap closing occurs. The robustness of these Majorana corner states
originates from the remaining particle-hole symmetry in the system, which protects the degeneracy at quasienergy
zero or pi/T . Therefore, even at the fundamental level, the minimal Floquet SOTSC model proposed in the main
text already represents another form of Floquet second-order topological phases which is solely protected by the
particle-hole symmetry and complements our recent discovery of Floquet second-order topological phases protected
by the chiral symmetry alone [72].
6FIG. 3. Probability distributions of the first and zeroth order Fourier components of MZMs (squares) and MPMs (asterisks)
are shown in panel (a) and (b) respectively. Panel (c) shows the quasienergy level distribution in the Floquet Brillouin zone,
where MZMs (MPMs) are highlighted in green (red). System parameters are chosen as JxT/~ = pi/2+0.3, ∆xT/~ = pi/2−0.2,
JyT/~ = 0.15, δJyT/~ = 0.05, ∆yT/~ = 0.55, δyT/~ = 0.45, µ0T/~ = pi/2 + 0.12, δµ0T/~ = 0.02, µ1T/~ = 4, and δµ1T/~ = 0.
SECTION B: MZMS AND MPMS IN HARMONICALLY DRIVEN TOPOLOGICAL
SUPERCONDUCTORS
Let H(t) be a general time-periodic Hamiltonian with period T and |ψε0〉 = exp(−i ε0~ t)|R〉 be a reference Floquet
eigenstate which satisfies [54, 55]
(
H − i~ ∂
∂t
)
|R〉 = ε0|R〉 ,∑
m
(
H(n−m) +m~ωδn,m
)
|R(m)〉 = ε0|R(n)〉 ,∑
m
Hn,m|R(m)〉 = ε0|R(n)〉 , (9)
where |R(m)〉 = 1T
∫ T
0
dt |R〉 exp (−i2pimt/T ) and H(m) = 1T
∫ T
0
dt H exp (−i2pimt/T ) are the Fourier components of
|R〉 and H respectively. In terms of (time-dependent) second quantized operators {c†ε}, another Floquet eigenstate
of H can be constructed as |ψε0+ε〉 = c†ε|ψε0〉, where
[(
H − i~ ∂∂t
)
, c¯†ε
]
= εc¯†ε and c¯
†
ε = c
†
ε exp(i
ε
~ t), so that
(
H − i~ ∂
∂t
)
c¯†ε|R〉 =
[
εc¯†ε + c¯
†
ε
(
H − i~ ∂
∂t
)]
|R〉 ,
= (ε+ ε0) c¯
†
ε|R〉 . (10)
7Similar to its static counterpart, the presence of particle-hole symmetry associates each positive excitation creation
operator c†ε with its negative excitation annihilation operator, i.e., c−ε = c
†
ε. As a result, quasienergy zero excitations
become Hermitian and must therefore come in pairs as MZMs (e.g. γ
(1)
0 and γ
(2)
0 ); since a valid fermion operator
must necessarily be complex, a pair of MZMs are required to form e.g. c†0 = γ
(1)
0 + iγ
(2)
0 . Unlike its static counterpart,
however, quasienergy is only defined modulo ~ω. By defining (ε0 − ~ω/2, ε0 + ~ω/2] as the Floquet Brillouin zone,
quasienergy ~ω/2 excitations will also become Hermitian and appear in pairs as MPMs. It thus follows that MZMs
and MPMs can both be expanded as
γ0 = γ¯0 =
∞∑
n=−∞
γ0,ne
inωt ,
γpi = exp(−iωt/2)γ¯pi =
∞∑
n=−∞
γpi,ne
i(2n−1)ω/2 , (11)
where γ0,n = γ
†
0,−n, γpi,n = γ
†
pi,−n+1 are (possibly complex) superposition of Majorana operators. While γ0 and γpi
are now time periodic (with period T and 2T respectively), they are still Hermitian at any instant as expected for
them to be called MZM and MPM respectively.
The Fourier components γ0,n and γpi,n are typically localized near the edge (corner) for first-(second-)order topologi-
cal superconductors and decay exponentially with |n|. For a harmonically driven topological superconductor described
by the Hamiltonian H(t) = h0 +h1 cosωt, this fact can be formally established by explicitly constructing γ0,n and γpi,n
perturbatively. To this end, we may first recast h0 and h1 as superposition of Majorana operators of the form iγiγj
for i, j = 1, · · · , 2N , where 2N denote the total number of Majorana operators. If there exists a Majorana operator
γ
(0)
0 such that [h0, γ
(0)
0 ] = 0, we may start by writing γ0 = γ
(0)
0 + γ
(1)
0 , where γ
(1)
0 is ∝ 1~ω . Next, we evaluate[(
H − i~ ∂
∂t
)
, γ0
]
=
[
h1, γ
(0)
0
]
cosωt− i~ ∂
∂t
γ
(1)
0 +
[
h0 + h1 cosωt, γ
(1)
0
]
. (12)
We may then set γ
(1)
0 = −i
[
h1, γ
(0)
0
]
sinωt
~ω + γ
(2)
0 , where γ
(2)
0 is now ∝ 1(~ω)2 , to obtain[(
H − i~ ∂
∂t
)
, γ0
]
= −i
[
h0 + h1 cosωt,
[
h1, γ
(0)
0
]] sinωt
~ω
− i~ ∂
∂t
γ
(2)
0 +
[
h0 + h1 cosωt, γ
(2)
0
]
, (13)
with the commutator now becoming at most ∝ 1~ω . Continuing this procedure leads to
γ
(2)
0 =
[
h0,
[
h1, γ
(0)
0
]] cosωt
(~ω)2
+
[
h1,
[
h1, γ
(0)
0
]] cos 2ωt
(2~ω)2
+ γ
(3)
0 ,[(
H − i~ ∂
∂t
)
, γ0
]
=
1
(~ω)2
{
h0 + h1 cosωt,
[
h0,
[
h1, γ
(0)
0
]]
cosωt+
[
h1,
[
h1, γ
(0)
0
] cos 2ωt
4
]}
−i~ ∂
∂t
γ
(3)
0 +
[
h0 + h1 cosωt, γ
(3)
0
]
. (14)
Repeating the above step indefinitely will thus lead to the form of MZM presented in Eq. (11), for which it is clear that
γ0,n is of the order of at most
1
(~ω)n . Moreover, since γ
(0)
0 is localized near the edge (corner) for first-(second-)order
topological superconductors while h0 and h1 are superposition of local Majorana operators, nested commutators
involving them (thence γ0) will also generally be localized near the edge (corner), thus explaining the localization of
γ0 as a whole.
In a similar fashion, MPMs can also be constructed perturbatively by starting with γ¯pi = γ
(0)
pi + γ
(0)†
pi eiωt + γ
(1)
pi ,
where γ
(0)
pi and γ
(1)
pi are superposition of Majorana operators to be determined with the latter being the order of at
most 1~ω . In particular,[(
H − i~ ∂
∂t
)
, γ¯pi
]
=
{[
h0, γ
(0)
pi
]
+
[
h1, γ
(0)†
pi
]
/2
}
+
{[
h0, γ
(0)†
pi
]
+
[
h1, γ
(0)
pi
]
/2 + γ(0)†pi ~ω
}
eiωt
+
[
h1, γ
(0)
pi
]
/2 e−iωt +
[
h1, γ
(0)†
pi
]
/2 e2iωt +
[(
H − i~ ∂
∂t
)
, γ(1)pi
]
, (15)
8where γ
(0)
pi satisfies
[
h0, γ
(0)
pi
]
+
[
h1, γ
(0)†
pi
]
/2 =
~ω
2
γ(0)pi , (16)
so that the first line of Eq. (15) equals to ~ω2
(
γ
(0)
pi + γ
(0)†
pi eiωt
)
. Next, we take
γ(1)pi =
1
~ω
{
A
[
h1, γ
(0)
pi
]
/2 e−iωt +B
[
h1, γ
(0)†
pi
]
/2 e2iωt
}
+ γ(2)pi , (17)
where A and B are constants and γ
(2)
pi is of the order at most
1
(~ω)2 . The two constants A = 2/3 and B = −2/5
are chosen so that the correction terms (the first two terms in the second line) of Eq. (15) and −i~ ∂∂tγ(1)pi combine to
~ω
2 γ
(1)
pi . We thus obtain
γ(1)pi =
[
h1, γ
(0)
pi
]
/(3~ω) e−iωt −
[
h1, γ
(0)†
pi
]
/(5~ω) e2iωt + γ(2)pi ,[(
H − i~ ∂
∂t
)
, γ¯pi
]
=
~ω
2
(
γ(0)pi + γ
(0)†
pi e
iωt +
[
h1, γ
(0)
pi
]
/(3~ω) e−iωt −
[
h1, γ
(0)†
pi
]
/(5~ω) e2iωt
)
+
1
~ω
{[
h0,
[
h1, γ
(0)
pi
]]
/3 e−iωt +
[
h1,
[
h1, γ
(0)
pi
]]
/3
(
1 + e−2iωt
)
−
[
h0,
[
h1, γ
(0)†
pi
]]
/5 e2iωt −
[
h0,
[
h1, γ
(0)†
pi
]]
/5
(
eiωt + e3iωt
)}
+
[(
H − i~ ∂
∂t
)
, γ(2)pi
]
, (18)
where the correction term is now at most of the order 1~ω , which can be further improved to
1
(~ω)2 via γ
(2)
pi . The same
procedure can again be repeated indefinitely to find an exact expression for MPMs which take the form of Eq. (11),
where γpi,n is of at most of the order of
1
(~ω)n−1 Moreover, if γ
(0)
pi is localized near the edge (corner), the same argument
as before implies that γpi is also localized near the edge (corner).
SECTION C: EFFECTIVE HAMILTONIAN OF THE LEADS-FLOQUET SOTSC SYSTEM
1. Floquet perturbation theory
In order to derive the effective Hamiltonian presented in the main text, we first develop a Floquet perturbation
theory (see Ref. [58] for a more rigorous formalism). Let H(0)(t) be an unperturbed time-periodic Hamiltonian which
satisfies the eigenvalue equation in the Sambe space,
∑
m
H(0)n,m|ε˜(0),(m)j 〉 = ε(0)j |ε˜(0),(n)j 〉 , (19)
where |ε˜(0),(m)j 〉 = 1T
∫ T
0
dt|ε(0)j 〉 exp (−i2pimt/T ), H(0)n,m = H(0),(n−m) + m~ωδn,m, H(0),(m) =
1
T
∫ T
0
dt H(0) exp (−i2pimt/T ), and j label the quasienergy index. Since H(0)n,m is Hermitian, the orthonormal-
ity condition for the eigenstates, i.e., 〈ε˜(0)j |ε˜(0)k 〉 = δj,k, is guaranteed. Consequently, in the presence of a small
time-periodic perturbation λV (t) which has the same period as H(t), standard perturbation theory approach follows
in the Sambe space, which leads to
εj =
∑
l=0
λlε
(l)
j ,
ε
(l≥1)
j = 〈ε˜(0)j |V|ε˜(l−1)j 〉+Nl ,
|ε˜j〉 =
∑
l=0
λl|ε˜(l)j 〉 , (20)
9where Vn,m = 1T
∫ T
0
dtV (t) exp (−i2pi(n−m)t/T ) and Nl comes from the renormalization of |ε˜(l−1)j 〉 (the (l − 1)th
order correction to the eigenstate |ε˜(0)j ). By further assuming that 〈ε˜(0)j |V|ε˜(0)j 〉 = 0, which will be relevant to the cases
considered below, the quasienergy correction up to third order can be written as
δεj = λ
2
∑
i 6=j
〈ε˜(0)j |V|ε˜(0)i 〉〈ε˜(0)i |V|ε˜(0)j 〉
ε
(0)
j − ε(0)i
+ λ3
∑
i,k 6=j
〈ε˜(0)j |V|ε˜(0)i 〉〈ε˜(0)i |V|ε˜(0)k 〉〈ε˜(0)k |V|ε˜(0)j 〉(
ε
(0)
j − ε(0)i
)(
ε
(0)
j − ε(0)k
) . (21)
In the time representation, the inner product can be written as 〈ε˜(0)j |V|ε˜(0)j 〉 = 1T
∫
dt〈ε(0)j |V |ε(0)i 〉, and Eq. (21)
becomes
δεj = λ
2
∑
i 6=j
〈〈ε(0)j |V |ε(0)i 〉〉〈〈ε(0)i |V |ε(0)j 〉〉
ε
(0)
j − ε(0)i
+λ3
∑
i,k 6=j
〈〈ε(0)j |V |ε(0)i 〉〉〈〈ε(0)i |V |ε(0)k 〉〉〈〈ε(0)k |V |ε(0)j 〉〉(
ε
(0)
j − ε(0)i
)(
ε
(0)
j − ε(0)k
) , (22)
where we have used the shorthand notation 〈〈· · · 〉〉 = 1T
∫ T
0
dt〈· · · 〉.
In the following, it is also useful to define the notion of the effective Hamiltonian, which amounts to replacing the
perturbation term V (t) by an effective term
Heff(t) =
∑
j
δεj |ε(0)j 〉〈ε(0)j | , (23)
where j only sums over the quasienergy within the first Floquet Brillouin zone, i.e., εj ∈ (−pi/T, pi/T ]. It is easy
to check that if the original Hamiltonian satisfies
(
H(0) − i~ ∂∂t
) |ε(0)j 〉 = ε(0)j |ε(0)j 〉, the addition of Heff(t) implies(
H(0) +Heff(t)− i~ ∂∂t
) |ε(0)j 〉 = (ε(0)j + δεj) |ε(0)j 〉, which leads to the same energy correction as that described in
Eq. (22).
Strictly speaking, while H˜ = H(0) + Heff and H = H
(0) + λV share the same quasienergies, they have different
eigenstates since H˜ is described by |ε(0)j 〉 by construction, whereas H is described by |εj〉 =
∑
j λ
j |ε(j)j 〉. The two
Hamiltonians are therefore only equal up to some unitary transformations H = U†H˜U , where U =
∑
j |ε(0)j 〉〈εj |. In
the discussion below, due to the large gap between quasienergy zero or pi/T and the rest of the quasienergy values, the
physics is mainly governed by states closest to quasienergy zero or pi/T (depending on the system’s initial condition).
This corresponds to projecting H onto a subspace spanned by |0, d0〉 or |pi, dpi〉, where d0 and dpi denote the possible
degeneracy of the quasienergy zero or pi/T eigenstates respectively. After applying such a projection, H and H˜ give
effectively the same description. In this sense, the effective Hamiltonian Heff thus represents a good approximation
to the actual perturbation λV .
2. Two leads case
Following the main text, suppose two leads i = ls,m and j = ls′,m′ are switched on, so that the full Hamiltonian is
described by Eq. (3) in the main text. Without loss of generality, we will first consider the case ni = nj = 0 (similar
results are obtained when ni and nj are any even integers). In this case, unperturbed eigenstates with particle number
N closest to quasienergy zero and pi/T can be written as an antisymmetrized direct product between the system and
lead individual eigenstates as (respectively)
|N, 0, (s1, s2)〉 = 1
2
|N〉 ⊗ |e〉(ij)pi ⊗
[
|o〉(ij)0 ⊗
(
|1, 0〉L + eiξ
(1)
0 s1s2|0, 1〉L
)
+ |e〉(ij)0 ⊗
(
eiξ
(2)
0 s1|1, 0〉L + eiξ
(3)
0 s2|0, 1〉L
)]
,
|N, pi, (s1, s2)〉 = 1
2
|N〉 ⊗ |o〉(ij)pi ⊗
[
|o〉(ij)0 ⊗
(
|1, 0〉L + eiξ(1)pi s1s2|0, 1〉L
)
+ |e〉(ij)0 ⊗
(
eiξ
(2)
pi s1|1, 0〉L + eiξ(3)pi s2|0, 1〉L
)]
,
(24)
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where s1, s2 = ±1 label the degeneracy within each |N, 0, (s1, s2)〉 or |N, pi, (s1, s2)〉, ξ(m)α for α = 0, pi and m = 1, 2, 3
are to be determined later. The lead eigenstates are denoted by |i, j〉L, which correspond to the particle occupation
of leads i and j, while the system eigenstates are further broken down into |N〉 ⊗ |a〉(ij)pi ⊗ |b〉(ij)0 , where |a〉(ij)pi
(|b〉(ij)0 ), with a, b = o, e, denote the parity eigenstate formed by MPMs (MZMs) localized near leads i and j, i.e.,
iγpi,iγpi,j |e〉(ij)pi = |e〉(ij)pi and iγpi,iγpi,j |o〉(ij)pi = −|o〉(ij)pi (iγ0,iγ0,j |e〉(ij)0 = |e〉(ij)0 and iγ0,iγ0,j |o〉(ij)0 = −|o〉(ij)0 ), and
|N〉 denotes the other degrees of freedom of the system at particle number N , which also includes the parities of
other MZMs and MPMs at the other corners. In particular, the quasienergy difference between |N, 0, (s1, s2)〉 and
|N, pi, (s1, s2)〉 originates from the fact that the two MPM parity states |e〉(ij)pi and |o〉(ij)pi differ in quasienergy by pi/T .
In the same fashion, eigenstates with particle number N ± 1 can also be written as
|N + 1, 0, s〉 = 1√
2
|N + 1〉 ⊗ |e〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ |0, 0〉L
]
,
|N + 1, pi, s〉 = 1√
2
|N + 1〉 ⊗ |o〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ |0, 0〉L
]
,
|N − 1, 0, s〉 = 1√
2
|N − 1〉 ⊗ |e〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ |1, 1〉L
]
,
|N − 1, pi, s〉 = 1√
2
|N − 1〉 ⊗ |o〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ |1, 1〉L
]
, (25)
where s = ±1. Finally, it is emphasized that although the usual tensor product notations are used in Eqs. (24) and
(25), antisymmetrization of all the basis states is implied to preserve the anticommutation relation of the fermion
operators, e.g., d†sγs′ |N, 0, (s1, s2)〉 = −γs′d†s|N, 0, (s1, s2)〉.
We now identify the perturbation as λV (t) =
∑
s=i,j λ0,sV0,s + λpi,sVpi,s with λa,sVa,s = λa,s(t)d
†
sγa,s(t)e
−iφ + h.c.
(a = 0, pi, s = i, j). In particular, it follows that λpi,sVpi,s connects |N, 0, (s1, s2)〉 and |N ± 1, pi, s〉 which differ in
quasienergy by pi/T , thus resulting in a large quasienergy penalty factor when perturbation theory is applied due to
(ε
(0)
j − ε(0)i ) in the denominator of Eq. (22) and can be ignored. In the following, we focus on deriving only the terms
in the effective Hamiltonian that are ∝ d†jdi and its conjugate, which correspond to terms containing both λ0,iV0,i
and λ0,jV0,j . To this end, following a standard approach in second order degenerate perturbation theory [59], we first
fix the phases ξiα for α = 0, pi and i = 1, 2, 3 by imposing the condition
0 =
∑
s,m=±1
1
εm
[〈〈N, l, (s3, s4)|λ0,iV0,i|N +m, l, s〉〉〈〈N +m, l, s|λ0,jV0,j |N, l, (s1, s2)〉〉
+ 〈〈N, l, (s3, s4)|λ0,jV0,j |N +m, l, s〉〉〈〈N +m, l, s|λ0,iV0,i|N, l, (s1, s2)〉〉]
=
1
4
(
1
ε+
+
1
ε−
)[
i
(
λ¯0,i,0λ¯
∗
0,j,0s1s2e
iξ
(1)
l − λ¯∗0,i,0λ¯0,j,0s3s4e−iξ
(1)
l
)
− i
(
λ¯0,i,0λ¯
∗
0,j,0s2s3e
i(ξ
(3)
l −ξ
(2)
l ) − λ¯∗0,i,0λ¯0,j,0s1s4ei(ξ
(2)
l −ξ
(3)
l )
)]
,
(26)
where λ¯l,i(j),n =
1
T
∫ T
0
dtλl,i(j)e
−inpit/T for l = 0, pi, s3 6= s1, and/or s2 6= s4. In order to arrive at the second line of
Eq. (26), we have also used e±iφ|N〉 = |N ±1〉, γ0,i|e〉(ij)0 = |o〉(ij)0 , γ0,i|o〉(ij)0 = |e〉(ij)0 , γ0,j |o〉(ij)0 = i|e〉(ij)0 , γ0,j |e〉(ij)0 =
−i|o〉(ij)0 , γpi,i|e〉(ij)pi = eiωt/2|o〉(ij)pi , γpi,i|o〉(ij)pi = e−iωt/2|e〉(ij)pi , γpi,j |o〉(ij)pi = ie−iωt/2|e〉(ij)pi , γpi,j |e〉(ij)pi = −ieiωt/2|o〉(ij)pi ,
and the fact that only terms that do not involve s survive the summation. It can then be checked that by further
taking ξ
(1)
l = −pi/2 + Arg(λ¯∗0,i,0λ¯0,j,0), ξ(2)l = 0, and ξ(3)l = pi/2 + Arg(λ¯∗0,i,0λ¯0,j,0), Eq. (26) is satisfied regardless of
s3 6= s1, s2 6= s4, or both. Indeed, if either s3 6= s1 or s2 6= s4 but not both, the two terms in the second and third
lines of Eq. (26) cancel each other, whereas if both s3 6= s1 and s2 6= s4 are satisfied, the two terms within each round
bracket of Eq. (26) cancel each other. The effective Hamiltonian is then found as
11
H
(00)
eff =
∑
s1,s2,s,m=±1
∑
l=0,pi
1
εm
[〈〈N, l, (s1, s2)|λ0,iV0,i|N +m, l, s〉〉〈〈N +m, l, s|λ0,jV0,j |N, l, (s1, s2)〉〉
+ 〈〈N, l, (s1, s2)|λ0,jV0,j |N +m, l, s〉〉〈〈N +m, l, s|λ0,iV0,i|N, l, (s1, s2)〉〉] |N, l, (s1, s2)〉〈N, l, (s1, s2)|
=
∑
s1,s2=±1
∑
l=0,pi
(
1
ε+
+
1
ε−
)
s1s2
∣∣λ¯∗0,i,0λ¯0,j,0∣∣× |N, l, (s1, s2)〉〈N, l, (s1, s2)|
=
(
1
ε+
+
1
ε−
)
|N〉〈N | ⊗
(
|e〉(ij)pi 〈e|+ |o〉(ij)pi 〈o|
)
⊗
(
|e〉(ij)0 〈e| − |o〉(ij)0 〈o|
)
⊗ (iλ¯∗0,i,0λ¯0,j,0|0, 1〉L〈1, 0| − iλ¯0,i,0λ¯∗0,j,0|1, 0〉L〈0, 1|)
= −
(
1
ε+
+
1
ε−
)
λ¯∗0,i,0λ¯0,j,0γ0,iγ0,jd
†
jdi + h.c. , (27)
where ε± = εN − εN±1 is the quasienergy difference between |N, l, (s1, s2)〉 and |N ± 1, l, s〉, and we have identified
d†jdi = |0, 1〉L〈1, 0|, d†idj = |1, 0〉L〈0, 1|, and iγ0,iγ0,j = |e〉(ij)0 〈e| − |0〉(ij)0 〈0|. The second equality above can be quickly
obtained by first noting that under the choice of ξiα obtained earlier, each term in the second equality of Eq. (26) is
∝ 14
(
1
ε+
+ 1ε−
) ∣∣λ¯∗0,i,0λ¯0,j,0∣∣. Since the terms inside the bracket in the first equality of Eq. (27) are of the same form as
the first equality of Eq. (26), but with s1 = s3 and s2 = s4, the second equality of Eq. (27) immediately follows. The
third equality then comes from the fact that only terms not involving s1 and/or s2 survive the summation. Physically,
H
(00)
eff describes a process in which a particle in lead i (j) enters the system to occupy the nonlocal fermion formed
by the two MZMs near lead i and j, while another particle from this nonlocal fermion leaves the system through lead
j (i).
By now considering lead energies with ni = −nj = 1 (similar results are again obtained when ni and nj are any
odd integers), occupying any one of the leads costs a quasienergy of ±pi/T , so that the new basis states at N particles
are
|N, 0, (s1, s2)〉 = 1
2
|N〉 ⊗ |o〉(ij)pi ⊗
[
|o〉(ij)0 ⊗
(
eiωt|1, 0〉L + eiξ
(1)
0 s1s2|0, 1〉L
)
+|e〉(ij)0 ⊗
(
eiωteiξ
(2)
0 s1|1, 0〉L + eiξ
(3)
0 s2|0, 1〉L
)]
,
|N, pi, (s1, s2)〉 = 1
2
|N〉 ⊗ |e〉(ij)pi ⊗
[
|o〉(ij)0 ⊗
(
|1, 0〉L + e−iωteiξ(1)pi s1s2|0, 1〉L
)
+|e〉(ij)0 ⊗
(
eiξ
(2)
pi s1|1, 0〉L + e−iωteiξ(3)pi s2|0, 1〉L
)]
, (28)
where the factor of eiωt appears due to |1, 0〉L and |0, 1〉L having a quasienergy difference of ω = 2pi/T . On the
other hand, since |N ± 1, 0, s〉 and |N ± 1, pi, s〉 are the same as before, λ0,sV0,s now connects two states differing in
quasienergy by pi/T , which can thus be ignored, while dominating terms containing both λpi,iVpi,i and λpi,jVpi,j become
our main interest for which second order perturbation theory is to be applied. We again start by fixing the phases
ξ
(m)
α through the condition (for s3 6= s1 and/or s2 6= s4)
0 =
∑
s,m=±1
1
εm
[〈〈N, l, (s3, s4)|λpi,iVpi,i|N +m, l, s〉〉〈〈N +m, l, s|λpi,jVpi,j |N, l, (s1, s2)〉〉
+〈〈N, l, (s3, s4)|λpi,jVpi,j |N +m, l, s〉〉〈〈N +m, l, s|λpi,iVpi,i|N, l, (s1, s2)〉〉]
=
1
4
(
1
ε+
+
1
ε−
)[
i
(
λ¯pi,i,1λ¯
∗
pi,j,1s1s2e
iξ
(1)
l − λ¯∗pi,i,−1λ¯pi,j,−1s3s4e−iξ
(1)
l
)
+i
(
λ¯pi,i,1λ¯
∗
pi,j,1s2s3e
i(ξ
(3)
l −ξ
(2)
l ) − λ¯∗pi,i,−1λ¯pi,j,−1s1s4ei(ξ
(2)
l −ξ
(3)
l )
)]
,
(29)
which implies ξ
(1)
l = ξ
(3)
l = −pi/2 + Arg(λ¯∗pi,i,−1λ¯pi,j,−1) and ξ(2)l = 0, again regardless of s3 6= s1, s2 6= s4, or both.
Second order Floquet perturbation theory then gives the effective Hamiltonian
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H
(pipi)
eff =
∑
s1,s2,s,m=±1
∑
l=0,pi
1
εm
[〈〈N, l, (s1, s2)|λpi,iVpi,i|N +m, l, s〉〉〈〈N +m, l, s|λpi,jVpi,j |N, l, (s1, s2)〉〉
+ 〈〈N, l, (s1, s2)|λpi,jVpi,j |N +m, l, s〉〉〈〈N +m, l, s|λpi,iVpi,i|N, l, (s1, s2)〉〉] |N, l, (s1, s2)〉〈N, l, (s1, s2)|
=
∑
s1,s2=±1
(
1
ε+
+
1
ε−
)
s1s2
∣∣λ¯∗pi,iλ¯pi,j∣∣× (|N, 0, (s1, s2)〉〈N, 0, (s1, s2)| − |N, pi, (s1, s2)〉〈N, pi, (s1, s2)|)
=
(
1
ε+
+
1
ε−
)
|N〉〈N | ⊗
(
|e〉(ij)pi 〈e| − |o〉(ij)pi 〈o|
)
⊗
(
|e〉(ij)0 〈e|+ |o〉(ij)0 〈o|
)
⊗ (ie−iωtλ¯∗pi,i,−1λ¯pi,j,−1|0, 1〉L〈1, 0| − ieiωtλ¯pi,i,1λ¯∗pi,j,1|1, 0〉L〈0, 1|)
= −
(
1
ε+
+
1
ε−
)
λ¯∗pi,i,−1λ¯pi,j,−1γpi,iγpi,je
−iωtd†jdi + h.c. , (30)
which again describes a process in which a particle enters the system from lead i (j) and leaves through j (i), but is
now mediated by the nonlocal fermion formed between two MPMs near lead i and j.
Finally, we consider lead energies with ni = 0, nj = −1 (with similar results obtained for ni and nj being even and
odd integers respectively). In this case, occupying lead j (i) costs a quasienergy of pi/T (0), and the new basis states
at N and N ± 1 particles now become
|N, 0, (s1, s2)〉 = 1
2
|N〉 ⊗
[
|e〉(ij)pi ⊗ |o〉(ij)0 ⊗ |1, 0〉L + eiξ
(1)
0 s1s2|o〉(ij)pi ⊗ |e〉(ij)0 ⊗ |0, 1〉L + eiξ
(2)
0 s1|e〉(ij)pi ⊗ |e〉(ij)0 ⊗ |1, 0〉L
+eiξ
(3)
0 s2|o〉(ij)pi ⊗ |o〉(ij)0 ⊗ |0, 1〉L
]
,
|N, pi, (s1, s2)〉 = 1
2
|N〉 ⊗
[
|o〉(ij)pi ⊗ |e〉(ij)0 ⊗ |1, 0〉L + e−iωteiξ
(1)
pi s1s2|e〉(ij)pi ⊗ |o〉(ij)0 ⊗ |0, 1〉L + eiξ
(2)
pi s1|o〉(ij)pi ⊗ |o〉(ij)0 ⊗ |1, 0〉L
+e−iωteiξ
(3)
pi s2|e〉(ij)pi ⊗ |e〉(ij)0 ⊗ |0, 1〉L
]
,
|N − 1, pi, s〉 = 1√
2
|N − 1〉 ⊗ |e〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ e−iωt|1, 1〉L
]
,
|N − 1, 0, s〉 = 1√
2
|N − 1〉 ⊗ |o〉(ij)pi ⊗
[(
|o〉(ij)0 + s|e〉(ij)0
)
⊗ |1, 1〉L
]
, (31)
while |N + 1, 0, s〉 and |N + 1, pi, s〉 are the same as those defined in Eq. (25). As a result, the second order effective
Hamiltonian is now dominated by a process involving both λ0,iV0,i and λpi,jVpi,j , thus mixing MZM and MPM together.
As usual, we start by fixing the phases ξ
(m)
α through the condition (for s3 6= s1 and/or s2 6= s4)
0 =
∑
s,m=±1
1
εm
[〈〈N, l, (s3, s4)|λ0,iV0,i|N +m, l, s〉〉〈〈N +m, l, s|λpi,jVpi,j |N, l, (s1, s2)〉〉
+ 〈〈N, l, (s3, s4)|λpi,jVpi,j |N +m, l, s〉〉〈〈N +m, l, s|λ0,iV0,i|N, l, (s1, s2)〉〉]
=
1
4
(
1
ε+
+
1
ε−
)[
i
(
λ¯0,i,0λ¯
∗
pi,j,1s1s2e
iξ
(1)
l − λ¯∗0,i,0λ¯pi,j,−1s3s4e−iξ
(1)
l
)
+i
(
λ¯0,i,0λ¯
∗
pi,j,1s2s3e
i(ξ
(3)
l −ξ
(2)
l ) − λ¯∗0,i,0λ¯pi,j,−1s1s4ei(ξ
(2)
l −ξ
(3)
l )
)]
,
(32)
which implies that ξ
(1)
l = ξ
(3)
l = −pi/2 + Arg(λ¯∗0,i,0λ¯pi,j,−1) and ξ(2)l = 0, again regardless of s3 6= s1, s2 6= s4, or both.
By applying second order Floquet perturbation theory, we obtain the effective Hamiltonian
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H
(0pi)
eff =
∑
s1,s2,s,m=±1
∑
l=0,pi
1
εm
[〈〈N, l, (s1, s2)|λ0,iV0,i|N +m, l, s〉〉〈〈N +m, l, s|λpi,jVpi,j |N, l, (s1, s2)〉〉
+ 〈〈N, l, (s1, s2)|λpi,jVpi,j |N +m, l, s〉〉〈〈N +m, l, s|λ0,iV0,i|N, l, (s1, s2)〉〉] |N, l, (s1, s2)〉〈N, l, (s1, s2)|
=
∑
s1,s2=±1
(
1
ε+
+
1
ε−
)
s1s2
∣∣λ¯∗0,i,0λ¯pi,j,−1∣∣× (|N, 0, (s1, s2)〉〈N, 0, (s1, s2)| − |N, pi, (s1, s2)〉〈N, pi, (s1, s2)|)
=
(
1
ε+
+
1
ε−
)
|N〉〈N | ⊗
(
e−iωt/2
[
|eo〉(ij)〈oe|+ |ee〉(ij)〈oo|
]
− eiωt/2
[
|oe〉(ij)〈eo|+ |oo〉(ij)〈ee|
])
⊗
(
ie−iωt/2λ¯∗0,i,0λ¯pi,j,−1|0, 1〉L〈1, 0| − ieiωt/2λ¯0,i,0λ¯∗pi,j,1|1, 0〉L〈0, 1|
)
= −
(
1
ε+
+
1
ε−
)
λ¯∗0,i,0λ¯pi,j,−1γ0,iγpi,je
−iωt/2d†jdi + h.c. , (33)
where |ab〉(ij)〈cd| = |a〉(ij)pi 〈c| ⊗ |b〉(ij)0 〈d|. It describes a process in which a particle enters the system from lead i (j)
and leaves through j (i), but is now mediated by the nonlocal fermion formed between a MZM near lead i and a
MPM near lead j.
To summarize, we have thus derived the effective Hamiltonians presented in Eq. (4) in the main text. We identify
the tunneling amplitudes as
T
(00)
i,j (t) =
(
1
ε+
+
1
ε−
)
iλ¯∗0,i,0λ¯0,j,0 ,
T
(pipi)
i,j (t) =
(
1
ε+
+
1
ε−
)
iλ¯∗pi,i,−1λ¯pi,j,−1e
−iωt ,
T
(0pi)
i,j (t) =
(
1
ε+
+
1
ε−
)
iλ¯∗0,i,0λ¯pi,j,−1e
−iωt/2 (34)
for the cases ni = nj = 0, ni = −nj = 1, and ni = nj + 1 = 0 respectively. Taking ni and nj to be other integers lead
to similar forms as Eq. (34) with other Fourier components λ¯a,s,n and λ¯
∗
a′,s′,n′ (a, a
′ = 0, pi and s, s′ = i, j) replacing
those in Eq. (34) and additional einωt factor may also appear. However, given that λ¯0,s,0 and λ¯pi,s,±1 (s = i, j) are the
most dominating Fourier components of λ0,s and λpi,s respectively, it might be best to keep the lead energies Ei =
ni~ω
2
and Ej =
nj~ω
2 within ni, nj = 0,±1. Finally, we expect that the same form of effective Hamiltonians (Eq. (4) in the
main text) will also be obtained when ni and nj slightly deviate from integer values, where the coupling amplitudes
T
(00)
i,j (t), T
(pipi)
i,j (t), and T
(0pi)
i,j (t) may involve different time-average of the coupling constants λa,s (a = 0, pi and s = i, j)
which may no longer reflect their Fourier components, and eiνωt with noninteger ν will also appear. In this scenario,
the basis states at N or N ± 1 particles are no longer perfectly degenerate, and the effective Hamiltonians are to be
derived by applying the Floquet version of the Schrieffer-Wolff transformation [60–62] to project the full Hilbert space
onto subspace spanned by relevant states closest to quasienergy zero or pi.
3. Four leads case
Following the main text, suppose four leads labeled l1,a, l2,a, l3,a, and l4,a are switched on with all their energies
set to 0. Since we are interested in finding the conductance between leads l1,a and l4,a, we focus on deriving terms in
the effective Hamiltonian that is ∝ d†l4,adl1,a and its conjugate. Similar to the two leads case, a second order process
may occur in which a particle from lead l1,a enters the system while another particle leaving the system through lead
l4,a, which is mediated by the nonlocal fermion formed by iγ0,1γ0,4. This corresponds to
H
(2)
eff = −λ¯0,l4,a,0λ¯∗0,l1,a,0
(
1
ε+
+
1
ε−
)
γ0,1γ0,4d
†
l4,a
dl1,a + h.c. . (35)
In third order, two parity dependent processes are possible, which correspond to a particle moving from lead l1,a
towards l4,a and is mediated by either lead l2,a or l3,a. Before applying third order perturbation theory, it is important
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FIG. 4. The six possible subprocesses mediating particle transfer from l1,a to l4,a through l2,a, which are distinguished by
different ordering labeled by the numbered arrows 1, 2, 3.
to again construct the appropriate basis states |N, l, dN 〉 and |N ± 1, l, dN±1〉, where l = 0, pi, dN and dN±1 label
the respective degeneracy. By assuming that there is only one particle occupying any of the four leads, |N, l, dN 〉 is
32-fold degenerate, |N + 1, l, dN+1〉 is eightfold degenerate, while |N − 1, l, dN−1〉 is 16-fold degenerate, and writing
down their explicit form will be very tedious. Fortunately, as we will see later, all of the third order processes can be
written in a form similar to the second order processes considered before, thus allowing us to use the results obtained
previously.
We start by considering the process mediated by lead l2,a, which can further be broken down into six subprocesses
as shown in Fig. 4. There, the different subprocesses correspond to different ordering (labeled by the numbered
arrows 1, 2, 3) for which a particle effectively moves from lead l1,a to l4,a. For example, in subprocess b, a particle
moves from lead l1,a to l2,a, followed by another particle in the system going toward lead l4,a, and ended by a
particle in lead l2,a entering the system. To this end, the relevant perturbations are described by λ0,l2,aV0,l2,a =
d†l2,aλ0,l2,a(t)γ0,2(t)e
−iφ + h.c., λ0,l4,aV0,l4,a = d
†
l4,a
λ0,l4,a(t)γ0,4(t)e
−iφ + h.c. , and λ(12)V(12) = λ˜∗l1,a,l2,ad
†
l2,a
dl1,a + h.c.,
where λ˜l1,a,l2,a = λl1,a,l2,ae
ieΦ1,2/~. It follows that subprocesses described by panel (a)-(e) are zero and will not
contribute to the effective Hamiltonian. Consider for example subprocess (a) and (b), which are described by terms
such as
∑
d′N 6=dN ,dN±1
〈〈N, l, dN |λ(12)V(12)|N, l, d′N 〉〉
[〈〈N, l, d′N |λ0,l2,aV0,l2,a |N ± 1, l, dN±1〉〉〈〈N ± 1, l, dN±1|λ0,l4,aV0,l4,a |N, l, dN 〉〉
+ 〈〈N, l, d′N |λ0,l4,aV0,l4,a |N ± 1, l, dN±1〉〉〈〈N ± 1, l, dN±1|λ0,l2,aV0,l2,a |N, l, dN 〉〉
]
(36)
In particular, the terms inside the square bracket is zero by the choice of basis in the second-order degenerate
perturbation theory. Such terms also appear in subprocesses (c) and (d), thus explaining also why they are zero. On
the other hand, subprocess (e) is also zero due to the fact that there is only one particle in the leads, e.g. if the
particle initially occupies lead l1,a, the first step in subprocess (e) is impossible as there is no particle in lead l2,a that
can enter the system. This leaves us only with subprocess (f), which leads to
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FIG. 5. The six possible subprocesses mediating particle transfer from l1,a to l4,a through l3,a, which are distinguished by
different ordering labeled by the numbered arrows 1, 2, 3.
H
(3)
eff,1 =
1
ε2−
∑
dN ,dN−1,d′N−1
∑
l=0,pi
{〈〈N, l, dN |λ0,l2,aV0,l2,a |N − 1, l, dN−1〉〉〈〈N − 1, l, dN−1|λ(12)V(12)|N − 1, l, d′N−1〉〉
× 〈N − 1, l, d′N−1|λ0,l4,aV0,l4,a |N, l, dN 〉〉+ c.c.
} |N, l, dN 〉〈N, l, dN |
=
1
ε2−
∑
dN ,dN−1
∑
l=0,pi
{
λ˜∗l1,a,l2,a,0〈〈N, l, dN |dl1,aλ∗0,l2,aγ0,2eiφ|N − 1, l, dN−1〉〉
×〈〈N − 1, l, dN−1|d†l4,aλ0,l4,aγ0,4e−iφ|N, l, dN 〉〉+ c.c.
}
|N, l, dN 〉〈N, l, dN |
= − 1
ε2−
λ˜∗l1,a,l2,a,0λ¯0,l4,a,0λ¯
∗
0,l2,a,0γ0,2γ0,4d
†
l4,a
dl1,a + h.c. , (37)
where λ˜l1,a,l2,a,n =
1
T
∫ T
0
dtλ˜l1,a,l2,ae
−inωt/2 and we have also used the fact that 〈N, l, dN |dl2,ad†l2,a = 〈N, l, dN |,
〈N, l, dN |d†l2,ad
†
l2,a
= 0, and
〈〈N − 1, l, dN−1|λ(12)V(12)|N − 1, l, d′N−1〉〉|N − 1, l, dN−1〉〈N − 1, l, d′N−1| = δd′N−1,dN−1
(
λ˜∗l1,a,l2,a,0d
†
l2,a
dl1,a + h.c.
)
×|N − 1, l, dN−1〉〈N − 1, l, d′N−1|
to get the second line in Eq. (37), after which it reduces to a second-order like expression which allows us to obtain
the final result.
In a similar fashion, the process mediated by lead l3,a can also be broken down into six subprocesses, each
corresponding to different ordering for which a particle moves from l1,a to l4,a, as shown in Fig. 5. Among these
subprocesses, only that described by panel (f) contributes to the effective Hamiltonian as
H
(3)
eff,2 = −
1
ε2−
λ˜∗l3,a,l4,a,0λ¯0,l3,a,0λ¯
∗
0,l1,a,0γ0,1γ0,3d
†
l4,a
dl1,a + h.c. , (38)
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Up to the third order, we thus have
H
(1234)
eff = h1234d
†
l4,a
dl1,a + h.c. ,
h1234 = −λ¯0,l4,a,0λ¯∗0,l1,a,0
(
1
ε+
+
1
ε−
)
γ0,1γ0,4 − 1
ε2−
(
λ˜∗l1,a,l2,a,0λ¯0,l4,a,0λ¯
∗
0,l2,a,0γ0,2γ0,4 + λ˜
∗
l3,a,l4,a,0λ¯0,l3,a,0λ¯
∗
0,l1,a,0γ0,1γ0,3
)
.
(39)
SECTION D: MEASUREMENT-ONLY IMPLEMENTATION OF CLIFFORD GATES
In this section, we present the implementation of Clifford gates by using a series of Majorana measurements whose
net effect is equivalent to braiding. This approach can thus also be interpreted as performing braiding without physi-
cally moving the Majorana modes, i.e., braiding by teleportation [40–44]. All three qubits in the system will be needed
in this approach, with the first two qubits being the logical qubits and the third qubit being an ancilla. The ancilla
qubit, which is prepared in a σ
(3)
z eigenstate (unless otherwise specified), is necessary to separate different operators in
the logical qubit projectors, thus filtering only the intended unitary operators on the logical qubit states. Without loss
of generality, we will also assume that the system is in the even parity sector, i.e., γ0,1γ0,2γ0,3γ0,4γpi,1γpi,2γpi,3γpi,4 = 1.
While there have been other works showing the implementation of Majorana-measurement-based Clifford gates, our
protocols involve only one species of four-Majorana measurements, i.e., γ0,1γ0,2γ0,3γ0,4, typically performed at the
end and start of the protocols, while the remaining steps involve only the measurement of two Majorana operators.
Moreover, given that the details of how such measurement protocols work have rarely been explained in other papers,
we explicitly elaborate below how each measurement protocol gives the intended outcome.
General idea. In order to understand how measurement-based gate operations are possible in the first place,
consider the implementation of the Zi-(Xi-)gate on any one of the logical qubits, i.e., i = 1, 2, via measurements only.
Given that a measurement of qubit σ
(i)
α with outcome s corresponds to applying a projector Πsi,α =
1√
2
(1 + sσ
(i)
α ),
where α = x, y, z, to the system, measuring σ
(i)
z (σ
(i)
x ) results in the system transforming as |ψ〉 → (1 + sσ(i)z )|ψ〉
(|ψ〉 → (1+sσ(i)x )|ψ〉) up to a normalization factor. Note that if we can find a way to extract only the second term in the
projector, the desired Zi-(Xi)-gate is achieved. To this end, we may utilize the obvious identity Π
s1
i,αΠ
s2
i,α = δs1,s2Π
s2
i,α
and the anticommutation relation between Pauli matrices to obtain
Πs33,xΠ
s2
i3,αzΠ
s1
3,x ∝ (1 + s3σ(i)x )(1 + s2σ(i)α σ(3)z )(1 + s1σ(i)x )
∝ Πs13,x(s3 + s1) + s2σ(i)α σ(3)z Πs13,x(s3 − s1) , (40)
where Πs2i3,αz = (1 + s2σ
(i)
α σ
(3)
z ) is the projector onto σ
(i)
α σ
(3)
z = s2 eigenstate. Namely, up to an overall transformation
of the ancilla state, either identity or σ
(i)
α operator is applied to the logical qubit states if s3 = s1 or s3 = −s1
respectively. Physically, the three projectors Πs33,x, Π
s2
i3,αz, and Π
s1
3,x can be implemented by measuring σ
(3)
x , σ
(i)
α σ
(3)
z ,
and σ
(3)
x in this order, where the intended gate is obtained if the first and third σ
(3)
x measurements yield different
outcome. If they yield the same outcome, identity operator (with respect to the logical qubits) is instead obtained,
and the same measurements can be repeated indefinitely until the last σ
(3)
x yields a different outcome, i.e.,
Π−s13,x Π
s2,N
i3,αz · · ·Πs13,xΠs2,2i3,αzΠs13,xΠs2,1i3,αzΠs13,x = Π−s13,x Πs2,Ni3,αzΠs13,x . (41)
This procedure, termed forced measurements [40], allows the desired Zi-(Xi)-gate to be obtained with 100% success
rate. Similar projector tricks presented above will also be the basis in devising measurement protocols for other Clifford
gates in the following, where additional Zi- and Xi-gates implemented above might also be needed as correction
operators. The default encoding presented in the main text will be used to express all Pauli matrices in terms of
MZMs and MPMs, and the ancilla qubit is to be initialized in the σ
(3)
z = γ0,1γ0,2γ0,3γ0,4 = γpi,1γpi,2γpi,3γpi,4 = s
eigenstate.
Hadamard gate. Hadamard gates can be written in terms of Pauli matrices or MZMs and MPMs as H1 ∝ σ(1)z +
σ
(1)
x = iγ0,1γ0,2 + iγ0,1γ0,3 and H2 ∝ σ(2)z +σ(2)x = iγpi,1γpi,2 + iγpi,1γpi,3. By using the projector tricks presented above,
we find that H1(2) can be obtained via measurements as
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H1 = P s1,s2,s3,s41 Πs53,zΠs43,xΠs313,zzΠs213,xzΠs13,x ,
∝ P s1,s2,s3,s41 (1 + s5γ0,1γ0,2γ0,3γ0,4) (1 + s4iγ0,4γpi,4) (1 + s3iγ0,3γ0,4) (1 + s2iγ0,2γ0,4) (1 + s1iγ0,4γpi,4) ,
H2 = P s1,s2,s3,s42 Πs53,zΠs43,xΠs323,zzΠs223,xzΠs13,x ,
∝ P s1,s2,s3,s42 (1 + s5γ0,1γ0,2γ0,3γ0,4) (1 + s4iγ0,4γpi,4) (1 + s3iγpi,3γpi,4) (1 + s2iγpi,2γpi,4) (1 + s1iγ0,4γpi,4) ,
P s1,s2,s3,s4j =

1 if s2 = −s3, s1 = −s4
XjZj ≡ Πs73,zΠs63,xΠs8j3,xzΠ−s63,x Πs7j3,zzΠs63,x if s2 = s3, s1 = −s4
Xj ≡ Πs73,zΠ−s63,x Πs7j3,xzΠs63,x if s2 = s3, s1 = s4
Zj ≡ Πs73,zΠ−s63,x Πs7j3,zzΠs63,x if s2 = −s3, s1 = s4
, (42)
where each projector above can be implemented through either two- or four-Majorana parity measurement discussed
in the main text and the correction operators P s1,s2,s3,s4j involve either or both Zi- and Xi-gates implementable
via forced measurements described above. As pointed out in Ref. [44], Zi- and Xi-gates, and thus P
s1,s2,s3,s4
1(2) , can
in principle also be implemented using a classical computer, thus potentially avoiding the necessity for additional
measurements.
For completeness, it is also straightforward to verify that Eq. (42) indeed yields Hadamard gates. To this end, one
may directly expand
(1 + s4iγ0,4γpi,4) (1 + s3iγ0,3γ0,4) (1 + s2iγ0,2γ0,4) (1 + s1iγ0,4γpi,4) = (s2iγ0,2γ0,4 + s3iγ0,3γ0,4) (1 + s1iγ0,4γpi,4) (s1 − s4)
+ (1 + s2s3γ0,3γ0,2) (1 + s1iγ0,4γpi,4) (s1 + s4) .
(43)
Next, one uses again the anticommutation relation to move (1 + s5γ0,1γ0,2γ0,3γ0,4) to the right, then uses the fact
that the third qubit is in a definite σ
(3)
z = s eigenstate to replace γ0,1γ0,2γ0,3γ0,4 = s. This implies
Πs53,zΠ
s4
3,xΠ
s3
13,zzΠ
s2
13,xzΠ
s1
3,x = [(s2iγ0,2γ0,4 + s3iγ0,3γ0,4) (s1 − s4) + (1 + s2s3γ0,3γ0,2) (s1 + s4)] (1 + s5s)
[(s2iγ0,2γ0,4 + s3iγ0,3γ0,4) (s1 − s4) + (1 + s2s3γ0,3γ0,2) (s1 + s4)] (1− s5s)iγ0,4γpi,4 ,
= [(ss2iγ0,1γ0,3 − ss3iγ0,1γ0,2) (s1 − s4) + (1 + s2s3γ0,3γ0,2) (s1 + s4)] (1 + s5s)
[(ss2iγ0,1γ0,3 − ss3iγ0,1γ0,2) (s1 − s4) + (1 + s2s3γ0,3γ0,2) (s1 + s4)] (1− s5s)iγ0,4γpi,4 ,
(44)
where we have used iγ0,2γ0,4 = iγ0,1γ0,3 (γ0,1γ0,2γ0,3γ0,4), iγ0,3γ0,4 = −iγ0,1γ0,2 (γ0,1γ0,2γ0,3γ0,4), and γ0,1γ0,2γ0,3γ0,4 =
s in the second equality. By noticing that iγ0,4γpi,4 = σ
(3)
x only affects the ancilla qubit, it follows that Hadamard
gate H1 is automatically attained if s1 = −s4 and s2 = −s3. If s1 = −s4 and s2 = s3, the relative minus sign between
iγ0,1γ0,3 and iγ0,1γ0,2 can be rectified by applying X1Z1. Similarly, if s1 = s4, additional X1 or Z1 gate can be applied
respectively for s2 = s3 or s2 = −s3. The measurement outcome s5 does not affect the logical qubit and will simply
reinitialize the ancilla qubit in the σ
(3)
z = s5 eigenstate. The same steps can be applied to verify H2.
Phase gate. Phase gates, which are described by the unitaries P1 ∝ 1 + γ0,1γ0,2 and P2 ∝ 1 + γpi,1γpi,2, can also be
obtained as a series of measurements
P1 = P s1,s21 Πs33,zΠs213,zyΠs13,x
∝ P s1,s21 (1 + s3γ0,1γ0,2γ0,3γ0,4)× (1− s2iγ0,3γpi,4)× (1 + s1iγ0,4γpi,4) ,
P2 = P s1,s22 Πs33,zΠs223,zyΠs13,x
∝ P s1,s22 (1 + s3γ0,1γ0,2γ0,3γ0,4)× (1 + s2iγpi,3γ0,4)× (1 + s1iγ0,4γpi,4) ,
P s1,s2j =
{
1 if s1 = ss2
Zj ≡ Πs63,zΠ−s43,x Πs5j3,zzΠs43,x if s1 = −ss2
, (45)
where the ancilla qubit is again initialized in the σ
(3)
z = s eigenstate. The above can be verified by expanding the
product (1− s2iγ0,3γpi,4)× (1 + s1iγ0,4γpi,4) ((1 + s2iγpi,3γ0,4)× (1 + s1iγ0,4γpi,4)), then moving γ0,1γ0,2γ0,3γ0,4 to the
right and replacing it with s. This yields
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Πs33,zΠ
s2
13,zyΠ
s1
3,x ∝ (1 + s1s2γ0,3γ0,4)× (1 + s3s) + (s1iγ0,4γpi,4 − s2iγ0,3γpi,4)× (1− s3s)
= (1− ss1s2γ0,1γ0,2)× (1 + s3s) + (s1 − ss2γ0,1γ0,2)× (1− s3s)× iγ0,4γpi,4 ,
Πs33,zΠ
s2
23,zyΠ
s1
3,x ∝ (1 + s1s2γpi,3γpi,4)× (1 + s3s) + (s1iγ0,4γpi,4 + s2iγpi,3γ0,4)× (1− s3s)
= (1− ss1s2γpi,1γpi,2)× (1 + s3s) + (s1 − ss2γpi,1γpi,2)× (1− s3s)× iγ0,4γpi,4 . (46)
In particular, phase gates P1(2) are automatically attained if s1 = ss2. If s1 = −ss2, one instead obtains the inverse
of phase gate, and additional Z-gate can be applied via forced measurements that yield Πs63,zΠ
−s4
3,x Π
s5
j3,zzΠ
s4
3,x ∝ σ(j)z .
CNOT gate. Without loss of generality, consider a CNOT gate in which the first and second qubits being the
control and target qubits respectively, which can be represented by the unitary U1(X2) ∝ 1 + iγ0,1γ0,2 + iγpi,1γpi,3 +
γ0,1γ0,2γpi,1γpi,3 and realized as a series of measurements
U1(X2) = P
s1,s2,s3Πs43,zΠ
s3
123,zxxΠ
s2
23,xzΠ
s1
3,x
∝ P s1,s2,s3 (1 + s4γ0,1γ0,2γ0,3γ0,4)× (1 + s3iγ0,3γpi,2)× (1 + s2iγpi,2γpi,4)× (1 + s1iγ0,4γpi,4) ,
P s1,s2,s3 =

1 if s1s3 = ss2 = 1
X2 ≡ Πs73,zΠ−s53,x Πs623,xzΠs53,x if s1s3 = −ss2 = −1
Z1 ≡ Πs73,zΠ−s53,x Πs613,zzΠs53,x if s1s3 = ss2 = −1
Z1X2 ≡ Πs83,zΠs53,xΠs723,xzΠ−s53,x Πs613,zzΠs53,x if s1s3 = −ss2 = 1
, (47)
where the ancilla qubit is in the σ
(3)
z = s eigenstate. The above is verified by expanding (1 + s3iγ0,3γpi,2) ×
(1 + s2iγpi,2γpi,4)× (1 + s1iγ0,4γpi,4), then moving γ0,1γ0,2γ0,3γ0,4 to the right and replacing it by s,
Πs43,zΠ
s3
13,zxΠ
s2
23,xzΠ
s1
3,x ∝ (1 + s2iγpi,2γpi,4 − s1s3γ0,3γpi,2γ0,4γpi,4 + s1s2s3iγ0,3γ0,4)× (1 + s4s)
+ (s1iγ0,4γpi,4 + s3iγ0,3γpi,2 + s1s2γpi,2γ0,4 − s2s3γ0,3γpi,4)× (1− s4s)
= (1 + ss2iγpi,1γpi,3 + s1s3γ0,1γ0,2γpi,1γpi,3 + ss1s2s3iγ0,1γ0,2)× (1 + s4s)
+ (s1 + s3γ0,1γ0,2γpi,1γpi,3 + ss1s2iγpi,1γpi,3 + ss2s3iγ0,1γ0,2)× (1− s4s)× iγ0,4γpi,4 (48)
It follows that a CNOT gate is automatically achieved if s1s3 = ss2 = 1. If s1s3 = ss2 = −1, s1s3 = −ss2 = −1, or
s1s3 = −ss2 = 1, additional Z1-gate, X2-gate, or Z1X2-gate can be applied respectively via forced measurements.
Note that at the end of each step above, the ancilla qubit remains in a σ
(3)
z eigenstate, while the first two (logical)
qubits transform according to the intended gate operation. This allows the procedure above to be repeated multiple
times to further manipulate the logical qubits in carrying out various quantum computational tasks. Moreover, by
preparing the ancilla qubit in the magic state |M〉 = exp (−pi/8) |0〉3 + exp (pi/8) |1〉3, which can be accomplished
either via geometrical protocol [13, 14] or magic state distillation [66], a pi/8-gate (T1(2) gate) can be implemented
through
T1 = P
s1,s2
1 Π
s3
3,zΠ
s2
3,xΠ
s1
13,zz ,
T2 = P
s1,s2
2 Π
s3
3,zΠ
s2
3,xΠ
s1
23,zz ,
P s1,s2j =

1 if s1 = s2 = 1
Zj ≡ Πs63,zΠ−s43,x Πs5j3,zzΠs43,x if s1 = −s2 = 1
Pj if s1 = −s2 = −1
PjZj ≡ PjΠs63,zΠ−s43,x Πs5j3,zzΠs43,x if s1 = s2 = −1
(49)
at the cost of turning the ancilla state to a σ
(3)
z eigenstate. This can be verified by applying directly the three
projectors on |Ψ〉 = |ψ〉1|φ〉2|M〉3. Without loss of generality, we will verify T1 below by taking |ψ〉1 = α|0〉1 + β|1〉1
and showing that it transforms to |ψ′〉1 = αe−ipi/8|0〉1 + βeipi/8|1〉1. To this end, we will suppress |φ〉2 and focus on
the action of the three projectors Πs33,z, Π
s2
3,x, Π
s1
13,zz on |ψ〉1|M〉3,
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Πs33,zΠ
s2
3,xΠ
s1
13,zz|ψ1〉1|M〉3 ∝ Πs33,zΠs23,x
[(
αe−ipi/8|0〉1|0〉3 + βeipi/8|1〉1|1〉3
)
× (1 + s1)
+
(
αeipi/8|0〉1|1〉3 + βe−ipi/8|1〉1|0〉3
)
× (1− s1)
]
∝ Πs33,z
[(
αe−ipi/8|0〉1|+〉3 + βeipi/8|1〉1|+〉3
)
× (1 + s1)× (1 + s2)
+
(
αe−ipi/8|0〉1|−〉3 − βeipi/8|1〉1|−〉3
)
× (1 + s1)× (1− s2)
+
(
αeipi/8|0〉1|+〉3 + βe−ipi/8|1〉1|+〉3
)
× (1− s1)× (1 + s2)
+
(
−αeipi/8|0〉1|−〉3 + βe−ipi/8|1〉1|−〉3
)
× (1− s1)× (1− s2)
]
∝
(
αe−ipi/8|0〉1|0〉3 + βeipi/8|1〉1|0〉3
)
× (1 + s1)× (1 + s2)× (1 + s3)
+
(
αe−ipi/8|0〉1|1〉3 + βeipi/8|1〉1|1〉3
)
× (1 + s1)× (1 + s2)× (1− s3)
+
(
αe−ipi/8|0〉1|0〉3 − βeipi/8|1〉1|0〉3
)
× (1 + s1)× (1− s2)× (1 + s3)
−
(
αe−ipi/8|0〉1|1〉3 − βeipi/8|1〉1|1〉3
)
× (1 + s1)× (1− s2)× (1− s3)
+
(
αeipi/8|0〉1|0〉3 + βe−ipi/8|1〉1|0〉3
)
× (1− s1)× (1 + s2)× (1 + s3)
+
(
αeipi/8|0〉1|1〉3 + βe−ipi/8|1〉1|1〉3
)
× (1− s1)× (1 + s2)× (1− s3)
+
(
−αeipi/8|0〉1|0〉3 + βe−ipi/8|1〉1|0〉3
)
× (1− s1)× (1− s2)× (1 + s3)
+
(
αeipi/8|0〉1|1〉3 − βe−ipi/8|1〉1|1〉3
)
× (1− s1)× (1− s2)× (1− s3) .
(50)
It then follows that T1 is automatically achieved for s1 = s2 = 1. If s1 = −s2 = 1, a Z-gate can be applied via
forced measurements to flip the sign of |1〉1. If s1 = −s2 = −1, a phase gate P1 can be applied to flip the sign of the
exponentials e±ipi/8. Finally, if s1 = s2 = −1, both Z-gate and P1 are applied.
[1] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[2] V. Lahtinen and J. K. Pachos, SciPost Phys. 3, 021 (2017).
[3] D. A. Ivanov, Phys. Rev. Lett. 86, 268 (2001).
[4] A. Y. Kitaev, Phys. Usp 44, 131 (2001).
[5] V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A. M. Bakkers, L. P. Kouwenhoven, Science 336, 1003-1007 (2012).
[6] F. Nichele, A. C. C. Drachmann, A. M. Whiticar, E. C. T. OFarrell, H. J. Suominen, A. Fornieri, T. Wang, G. C. Gardner,
C. Thomas, A. T. Hatke, P. Krogstrup, M. J. Manfra, K. Flensberg, and C. M. Marcus, Phys. Rev. Lett. 119, 136803
(2017).
[7] H. Zhang, C.-X. Liu, S. Gazibegovic, D. Xu, J. A. Logan, G. Wang, N. van Loo, J. D. S. Bommer, M. W. A. de Moor,
D. Car, R. L. M. Op het Veld, P. J. van Veldhoven, S. Koelling, M. A. Verheijen, M. Pendharkar, D. J. Pennachio,
B. Shojaei, J. S. Lee, C. J. Palmstrom, E. P. A. M. Bakkers, S. Das Sarma, and L. P. Kouwenhoven, Nature 556, 74
(2018).
[8] J. Alicea, Y. Oreg, G. Refael, F. von Oppen, and M. P. A. Fisher, Nat. Phys. 7, 412 (2011).
[9] B. van Heck, A. R. Akhmerov, F. Hassler, M. Burrello, and C. W. J. Beenakker, New J. Phys. 14, 035019 (2012).
[10] C. V. Kraus, P. Zoller, and M. A. Baranov, Phys. Rev. Lett. 111, 203001 (2013).
[11] Y.-C. He and Y. Chen, Phys. Rev. B 88, 180402(R) (2013).
[12] P. Gorantla and R. Sensarma, Phys. Rev. B 97, 195427 (2018).
[13] R. W. Bomantara and J. Gong, Phys. Rev. Lett. 120, 230405 (2018).
[14] R. W. Bomantara and J. Gong, Phys. Rev. B 98, 165421 (2018).
[15] B. Bauer, T. P.-Barnea, T. Karzig, M.-T. Rieder, G. Refael, E. Berg, Y. Oreg, arXiv:1808.07066.
[16] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Science 357, 61 (2017).
[17] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Phys. Rev. B 96, 245115 (2017).
[18] Z. Song, Z. Fang, and C. Fang, Phys. Rev. Lett. 119, 246402 (2017).
20
[19] J. Langbehn, Y. Peng, L. Trifunovic, F. von Oppen, and P. W. Brouwer, Phys. Rev. Lett. 119, 246401 (2017).
[20] F. Schindler, A. M. Cook, M. G. Vergniory, Z. Wang, S. S. P. Parkin, B. A. Bernevig, and T. Neupert, Sci. Adv. 4,
eaat0346 (2018).
[21] M. Geier, L. Trifunovic, M. Hoskam, and P. W. Brouwer, Phys. Rev. B 97, 205135 (2018).
[22] Z. Yan, F. Song, and Z. Wang, Phys. Rev. Lett. 122, 096803 (2018).
[23] Q. Wang, C. C. Liu, Y. M. Lu, and F. Zhang, Phys. Rev. Lett. 121, 186801 (2018).
[24] T. Liu, J. J. He, and F. Nori, Phys. Rev. B 98, 245413 (2018).
[25] X. Zhu, Phys. Rev. B 97, 205134 (2018).
[26] M. Ezawa, Phys. Rev. Lett. 120, 026801 (2018).
[27] E. Khalaf, Phys. Rev. B 97, 205136 (2018).
[28] F. K. Kunst, G. van Miert, and E. J. Bergholtz, Phys. Rev. B 97, 241405(R) (2018).
[29] M. Lin and T. Hughes, Phys. Rev. B 98, 241103 (2018).
[30] Y. Xu, R. Xue, and S. Wan, arXiv:1711.09202 (2017).
[31] B. Y. Xie, H. F. Wang, X. Y. Zhu, M. H. Lu, and Y. F. Chen, Phys. Rev. B 98, 205147 (2018).
[32] M. Serra-Garcia, V. Peri, R. Su¨sstrunk, O. R. Bilal, T. Larsen, L. G. Villanueva, and S. D. Huber, Nature (London) 555,
342 (2018).
[33] F. Schindler, Z. Wang, M. G. Vergniory, A. M. Cook, A. Murani, S. Sengupta, A. Y. Kasumov, R. Deblock, S. Jeon,
I. Drozdov, H. Bouchiat, S. Guron, A. Yazdani, B. A. Bernevig, and T. Neupert, Nat. Phys. 14, 918-924 (2018).
[34] C. W. Peterson, W. A. Benalcazar, T. L. Hughes, and G. Bahl, Nature (London) 555, 346 (2018).
[35] S. Imhof, C. Berger, F. Bayer, J. Brehm, L. Molenkamp, T. Kiessling, F. Schindler, C. H. Lee, M. Greiter, T. Neupert,
and R. Thomale, Nat. Phys. 14, 925-929 (2018).
[36] L. Li, M. Umer, and J. Gong, Phys. Rev. B 98, 205422 (2018).
[37] A. Matsugatani and H. Watanabe, Phys. Rev. B 98, 205129 (2018).
[38] S. Franca, J. van den Brink, and I. C. Fulga, Phys. Rev. B 98, 201114 (2018).
[39] J. Noh, W. A. Benalcazar, S. Huang, M. J. Collins, K. P. Chen, T. L. Hughes, and M. C. Rechtsman, Nat. Photon. 12,
408-415 (2018).
[40] P. Bonderson, M. Freedman, and C. Nayak, Phys. Rev. Lett. 101, 010501 (2008).
[41] P. Bonderson, M. Freedman, and C. Nayak, Ann. Phys. 324, 787 (2009).
[42] P. Bonderson, Phys. Rev. B 87, 035113 (2013).
[43] S. Vijay and L. Fu, Phys. Rev. B 94, 235446 (2016).
[44] H. Zheng, A. Dua, and L. Jiang, New J. Phys. 18, 123027 (2016).
[45] D. Litinski and F. von. Oppen, Phys. Rev. B 96, 205413 (2017).
[46] S. Plugge, A. Rasmussen, R. Egger, and K. Flensberg, New J. Phys. 19, 012001 (2017).
[47] F. L. Pedrocchi, N. E. Bonesteel, and D. P. DiVincenzo, Phys. Rev. B 92, 115441 (2015).
[48] F. L. Pedrocchi and D. P. DiVincenzo, Phys. Rev. Lett. 115, 120402 (2015).
[49] L. Jiang, T. Kitagawa, J. Alicea, A. R. Akhmerov, D. Pekker, G. Refael, J. I. Cirac, E. Demler, M. D. Lukin, and P. Zoller,
Phys. Rev. Lett. 106, 220402 (2011).
[50] D. E. Liu, A. Levchenko, and H. U. Baranger, Phys. Rev. Lett. 111, 047002 (2013).
[51] H.-Q. Wang, M. N. Chen, R. W. Bomantara, J. Gong, and D. Y. Xing, Phys. Rev. B 95, 075136 (2017).
[52] See Supplemental Material for additional properties of the minimal Floquet SOTSC model, i.e., Eq. (1), the general
derivation of MZMs and MPMs in harmonically driven topological superconductors, effective Hamiltonian of the leads-
Floquet SOTSC system when two and four leads are switched on, and the implementation of measurement-based gate
operations, which includes Refs. [54–62].
[53] By the conservation of total fermion parity, i.e., γ0,1γ0,2γ0,3γ0,4γpi,1γpi,2γpi,3γpi,4 = ±1, the qubit σ(3)z can be equivalently
expressed as γpi,1γpi,2γpi,3γpi,4.
[54] J. H. Shirley, Phys. Rev. 138, B979 (1965).
[55] H. Sambe, Phys. Rev. A 7, 2203 (1973).
[56] A. Altland and M. R. Zirnbauer, Phys. Rev. B 55, 1142 (1997).
[57] J. K. Asbo´th, Phys. Rev. B 86, 195414 (2012); J. K. Asbo´th and H. Obuse, Phys. Rev. B 88, 121406(R) (2013).
[58] M. R.-Vega, M. Lentz, and B. Seradjeh, New J. Phys 20, 093022 (2018).
[59] J. J. Sakurai and J. Napolitano, Modern Quantum Mechanics (Addison-Wesley (Pearson), San Francisco, 2011).
[60] S. Bravyi, D. P. DiVincenzo, and D. Loss, Ann. Phys. 326, 2793 (2011).
[61] A. Altland, B. Beri, R. Egger, and A. M. Tsvelik, Phys. Rev. Lett. 113, 076401 (2014).
[62] S. Plugge, A. Zazunov, P. Sodano, and R. Egger, Phys. Rev. B 91, 214507 (2015).
[63] R. M. Lutchyn, J. D. Sau, and S. D. Sarma, Phys. Rev. Lett. 105, 077001 (2010).
[64] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105, 177002 (2010).
[65] L. Fu, Phys. Rev. Lett. 104, 056402 (2010).
[66] T. Karzig, Y. Oreg, G. Refael, and M. H. Freedman, Phys. Rev. X 6, 031019 (2016).
[67] S. Bravyi and A. Kitaev, Phys. Rev. A 71, 022316 (2005).
[68] S. Bravyi, Phys. Rev. A 73, 042313 (2006).
[69] M. Freedman, C. Nayak, and K. Walker, Phys. Rev. B 73, 245307 (2006).
[70] P. Bonderson, D. J. Clarke, C. Nayak, and K. Shtengel, Phys. Rev. Lett. 104, 180505 (2010).
[71] B. Huang and W. V. Liu, arXiv:1811.00555.
21
[72] R. W. Bomantara, L. Zhou, J. Pan, and J. Gong, Phys. Rev. B 99, 045441 (2019).
[73] M. R.-Vega, A. Kumar, and B. Seradjeh, arXiv:1811.04808.
[74] Y. Peng and G. Refael, arXiv:1811.11752.
[75] L. A. Landau, S. Plugge, E. Sela, A. Altland, S. M. Albrecht, and R. Egger, Phys. Rev. Lett. 116, 050501 (2016).
[76] S. Plugge, L. A. Landau, E. Sela, A. Altland, K. Flensberg, and R. Egger, Phys. Rev. B 94, 174514 (2016).
[77] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B. Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y. Oreg,
C. M. Marcus, and M. H. Freedman, Phys. Rev. B 95, 235305 (2017).
[78] C. Schrade and L. Fu, Phys. Rev. Lett. 121, 267002 (2018).
[79] C. Schrade and L. Fu, arXiv:1807.06620.
